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Microstructure and mechanical properties of HA/Ti composite coatings applied by
detonation spraying

This work presents the results of experimental studies of the structure and mechano-tribological properties of
composite coatings based on hydroxyapatite (HA) and titanium in different ratios (wt. %): 30HA-70Ti,
50HA-50Ti, 70HA-30Ti. Composite coatings with a thickness of 40-50 um were applied to a substrate made
of Grade 2 titanium by detonation spraying. Microstructures and phase compositions of as-sprayed coatings
were analyzed by scanning electron microscopy and X-ray diffraction. The deposition mechanism of HA-Ti
composite coatings was also examined. The results of the study showed that during detonation powder spray-
ing from a mixture of HA-Ti, porous coatings are formed, consisting of the phases of hydroxyapatite
Ca10(PO4)s(OH)z, tricalcium phosphate, titanium, and titanium oxide. It was found that with a decrease in the
content of hydroxyapatite in the composite, there is a decrease in the relative content of B-type carbonate ions
in the structure, as well as a decrease in the content of the mineral phase as a whole. Composite coating
30HA-70Ti wt. % is the closest in structure to stoichiometric crystalline HA (Ca/P = 1.67). At ratios of coat-
ings 50HA-50Ti wt. %, an increase by 1.5-2 times in wear resistance is observed.

Keywords: hydroxyapatite, titanium, detonation spraying, coating, microstructures and phase composition,
mechanical properties.

Introduction

With the development of new concepts in the technology, production and application of implants for the
bioengineering of bone tissue, the requirements for the functional, strength and aesthetic parameters of or-
thopedic structures have increased significantly [1]. First, this refers to the task of creating biocoatings,
which are close to the structure of human bone tissue [2]. In order to stimulate the structure of natural bone,
in recent years, the synthesis of hydroxyapatite Caio(PO4)s(OH). has attracted considerable attention [3, 4].
Bioactive coatings based on hydroxyapatite and calcium phosphates are promising due to their biocompati-
bility and compositional proximity to bone tissue [5]. Hydroxyapatite (HA) provides ideal biocompatibility
by actively stimulating osteogenesis and bone regeneration. However, HA coatings exhibit poor tribological
properties, such as a strong tendency to adhesion, high and unstable coefficients of friction, and low re-
sistance to wear during fretting. Therefore, it is also interesting to modify and progress the properties of the
HA coating by including a metal in it [6]. HA/metal composite coatings are characterized by high mechani-
cal and tribological properties [7]. Detonation technologies can be used to obtain HA/metal composite coat-
ings [8]. The detonation gas spraying method has good prospects for the use in medicine, primarily due to
the identity of the phase composition of the initial material and the formed coating. In this regard, the aim of
this research is to study the effect of the ratio of the components on the structural-phase states, hardness and
wear resistance of HA/metal composite coatings obtained by detonation spraying.

Experimental

To obtain coatings, CCDS2000 detonation complex was used, having a system of electromagnetic gas
valves that regulate the supply of fuel and oxygen, and control the purging of the system (Fig. 1). An acety-
lene-oxygen mixture, which is the most demanded fuel for detonation spraying of powder materials, was
used as a fuel gas. The deposition was carried out at the O./C,H; ratio of 1.856. The volume of filling the
barrel with a mixture is of acetylene-oxygen 50 %. Nitrogen was used as a carrier gas. The distance between
the treated surface of the sample and the detonation barrel was 70 mm; the diameter of the straight barrel was
20 mm [9]. Commercially pure Grade 2 titanium (99.5 %) was used as a substrate. Before spraying, Grade 2
plates with dimensions of 30x30x3 mm were ground and polished, after which they were subjected to sand-
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blasting. Sandblasting was carried out on the detonation unit using corundum powders with grain sizes of
0.5-1.3 mm with a volume of filling the barrel with an acetylene-oxygen mixture of 30 %. For spraying coat-
ings, a mixture of titanium powders (grain size 10-12 microns) and HA (grain size 0.5-0.6 microns) were
used in the ratios of 30/70, 50/50 and 70/30 (wt. %). Mechanical activation treatment was used to obtain a
composite powder consisting of HA-Ti [10]. Mechanical activation of HA-Ti mixtures was carried out in a
planetary ball mill PULVERISETTE 6 at a frequency of 380 rpm. The mechanical activation time was 60 s.
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Figure 1. Scheme of the detonation complex CCDS2000: 1 — control computer, 2 — gas distributor, 3 — mixing-
ignition chamber, 4 — spark plug, 5 — barrel valve, 6 — fuel line, 7 — oxygen line, 8 — gas valves, 9 — gas supply
unit, 10 — part of the trunk, 11 — powder dispenser, 12 — sample; 13 — manipulator, 14 — muzzle.

The study of surface morphology was carried out by scanning electron microscopy (SEM) using
backscattered electrons (BSE) on JSM-6390LV scanning electron microscope. The structure of the obtained
samples was studied using Raman spectroscopy on AFM-Raman Solver Spectrum, NT-MDT spectrometer.
To excite vibrational modes, a blue laser with a wavelength of 473 nm and a maximum laser power of 35
mW was used with a x100 objective with a spot size of 2-10® m. The obtained spectra were processed by the
Savitsky-Golay method [11] using a second-order polynomial. The error in recording the spectra was 4 cm™.
The phase composition of the samples was studied by X-ray diffraction analysis on X'PertPro diffractometer
using CuKa-radiation. The study was carried out in the following modes: voltage across the tube was U = 40
kV; tube current was | = 30 mA; exposure time was 1 s; shooting step was 0.02°. The measurement of the
tribological characteristics of the coatings was carried out in the sliding friction mode according to the “ball-
disk” scheme on Anton Paar TRB3 tribometer. The sample rotation speed was 2 cm/s, the load was 5 N; a
ball made of 100Cr6 steel with a diameter of 6 mm was used as a counterbody. Nanoindentation was carried
out on NanoScan-4D nanohardness meter. In accordance with GOST R 8.748-2011. Using the Berkovich
indenter, 10 injections were made at a load of 100 mN. Young's modulus and hardness were determined by
the method of Oliver and Pharr [12].

Results and Discussion

Figures 2-4 show diffraction patterns of the composite powder in different ratios of 30HA-70Ti, 50HA-
50Ti, 70HA-30Ti (wt. %) and coatings obtained by detonation spraying. X-ray phase analysis showed that
composite HA/Ti powder consists of two phases: HA and titanium. The diffractogram of composite
50HA/50Ti, 70HA/30Ti (wt. %) coatings (Fig. 3-4) is characterized by the appearance of peaks of the a-
Casz(PO.), (tricalcium phosphate) phase, while the main phase component of the coating retains the
HA phase [Caio(PO4)s(OH)2]. However, in the diffraction pattern of coatings (Fig. 2b) with a powder
composition of 30HA/70Ti the phase of tricalcium phosphate (a-Cas(PO4)2) was not detected. Cas(PO.), has
a narrow mechanical strength compared to cortical bone, which limits its use in areas subject to low
mechanical stress. However, when interacting with the environment, the body is completely replaced by
biological tissues [13]. In addition, after detonation spraying of composite 50HA-50Ti and 70HA-30Ti
coatings, intense phases of titanium oxide TiO were found (Fig. 3b, Fig. 4b). Titanium oxide is not
considered a disadvantage in the biocompatibility of the implant, while the growth of the titanium oxide
layer can improve adhesion to the bone tissue [14, 15]. The change in the phase composition of calcium
phosphate coatings during detonation spraying is explained by high reactivity of titanium with respect to any
substances at high temperatures [16].
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Figure 2. Diffraction patterns of the composite powder (a) and coating of 30HA-70Ti (wt. %), obtained by detonation
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Figure 3. Diffraction patterns of composite powder (a) and coating of 50HA-50Ti (wt. %), obtained by detonation
spraying (b).
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Figure 4. Diffraction patterns of (a) composite powder and coating of 70HA-30Ti (wt. %) obtained by detonation
spraying (b).

To assess the microstructure of the surface of the composite coatings, the samples were analyzed by
SEM. Figure 5 a-c shows SEM images and elemental analysis of composite 30HA-70Ti, 50HA-50Ti, 70HA-
30Ti (wt. %) coatings. The morphology of the composite coatings (Fig. 5) showed the formation of a layered
porous structure, which, in turn, promotes the effective growth of bone tissue into the pores of the implant. In
the obtained coatings, pores are observed, which are formed when the coating particles melt. The formation
of a porous structure and a pronounced relief is a feature of detonation technology, which can contribute to

the widespread use of detonation coatings in medical implants.
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Figure 5. SEM image and EDS analysis of composite coatings (wt. %): 30HA-70Ti (a), 50HA-50Ti (b), 70HA-30Ti (c).

Figure 5 also shows the energy dispersive X-ray spectra of the coatings. Analysis of the elemental com-
position did not reveal the presence of other elements, except for the basic composition of the substrate and
composite powder. According to the obtained results of the elemental analysis of composite coatings, it can
be argued that detonation spraying does not cause a change in the chemical composition of the coating, and
this factor is of decisive importance for the biocompatibility and preservation of the service life of the coat-
ing. The Ca/P ratio in coatings is one of the main parameters determining bioactivity. Elemental analysis al-
lows comparing the concentrations of elements that make up composite coatings and calculate the Ca/P ratio.
The atomic ratio of Ca/P in composite coatings ranges from 1.67-2.6. Table 1 shows the Ca/P atomic ratio
for each group of composite coatings with a different content of hydroxyapatite. The atomic Ca/P ratio in
composite coatings (30HA-70Ti) is 1.67; this result proves the possibility of obtaining a bioactive composi-
tion by detonation spraying.
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Table 1.

Atomic Ca/P ratio in composite coatings with different content of hydroxyapatite (wt. %):

Coatings Ca/P
30HA-70Ti 1.67
50HA-50Ti 2.56
70HA-30Ti 2.60

Figure 6 shows the Raman spectra of composite 30HA-70Ti, 50HA-50Ti, 70HA-30Ti coatings obtained
by detonation spraying. The most noticeable intense band observed at 961 cm™ for all groups indicates that
HA is the main phase component of the coatings. This band belongs to the P-O symmetric extension mode
(v1) of the PO4 group and is the most characteristic band of carbonized apatites. The sharpness of this band
confirms the good crystallinity of the HA coating [17]. Similarly, the bands associated with the
antisymmetric stretching mode (vs) of PO4 groups show a shift from 1045 cm™ to the shoulder at 1033 cm™*
(Table 2) [18]. With a decrease in HA-substitution (Fig. 6 ¢), the main apatite band at 961 cm™* demonstrates
a broadening and a decrease in intensity, which indicates a decrease in the crystallinity of the formed mineral
phase. In addition, it should be emphasized that this change in the carbonate content in the coatings is closely
related to associated with changes in the growth morphology and size of crystallites, which occur with a
change in temperature — higher atomic disorder corresponding to smaller crystal sizes (on a nanometer
scale), the lattice becomes more and more ordered with increasing temperature.
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Figure 6. Raman spectra of composite coatings with different content of hydroxyapatite (wt. %): 70HA-30Ti (a); 50HA-
50Ti (b); 30HA-70Ti (c).

The region of peaks at 2880-3070 cm™, as a rule, is correlated with vibrations of C — H bonds (2880-
2935, 3070 cm). Thus, according to the Raman spectroscop data, the structural features of the composite
coatings have been revealed with a decrease in the content of hydroxyapatite, a decrease in the relative con-
tent of B-type carbonate ions in the structure of hydroxapatite is observed, as well as a decrease in the con-
tent of the mineral phase in general.

Table 2.
Results with different frequencies of the corresponding lines
Raman shift (cm™) Assignment
423 PO,% v,(P-O deformation)
585 PO,% v, (P-O deformation)
950-965 PO.* v1 (P-O deformation)
1030-1045 PO - v3 (P-O asymmetric valence)
1245-1270 Amide I II, C-N-H valence
1665-1675 Amide I, C-C-H valence
2880-2935, 3070 C-H vibrations
Cepus «dunsukay. Ne 2(110)/2023 29
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Hardness and elastic modulus are the main parameters determining the plasticity, an important charac-
teristic of the material for practical application. Figure 7 shows the data on nanoindentation obtained on
transverse thin sections of the coatings.
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Figure 7. Curves of loading and unloading of composite coatings with different content of hydroxyapatite (wt. %).

To assess the resistance of a material to elastic deformation of fracture, the value of the ratio of
hardness to Young's modulus H/E, also called the plasticity index of the material, was used [18]. In addition,
to assess the mechanical properties of materials, the H3/E? parameter was used, which describes the
resistance to plastic deformation [19]. It was found that the plasticity of the HA-Ti coating increases with an
increase in the HA concentration. High values of H/E and H®/E? are indicators of high wear resistance,
therefore, composite coatings with a composition of 70HA-30Ti, formed on Grade 2 titanium by detonation
spraying, exhibit high performance properties of abrasive wear. The values of hardness, modulus of
elasticity, elastic deformation of destruction (H/E) and resistance to plastic deformation (H3/E?) of composite
coatings are given in Table 3.

Table 3.
Hardness and elasticity modulus of composite coatings with different content of hydroxyapatite
Sample H, GPa E, GPa H/E H3/E?
30HA-70Ti 4.65+0.8 154.4+7 0.03 4.22-10°°
50HA-50Ti 7.5+0.9 129.3+8.8 0.05 25.23-10°
70HA-30Ti 8.3=1.1 135.545.5 0.06 31.14-10°%

Figure 8 shows micrographs of the surface and the results of measuring the roughness of composite
coatings with different contents of hydroxyapatite (wt. %): 30HA-70Ti; 50HA-50Ti; 70HA-30Ti. The sur-
face of all coatings has a heterogeneous structure with pores, typical layered, wavy arrangement of structural
components. The surface roughness of the composite coatings was measured by the Ra parameter using a
profilometer 130 on a 7 mm section on the sample surface. From the data obtained, the roughness of the
composite coatings varies from 5.79 to 8.61 um with a change in the HA in the composite. Comparison of
these dependences allows concluding that coatings obtained at low concentrations of HA in the composite
have reduced values of the roughness parameter Ra, and as the concentration of HA in the composite in-
creases, the roughness of the coatings increases. Composite coatings obtained by detonation spraying have a
developed surface, which will serve as their improved fusion with bone tissue.
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8.61

Figure 8 Micrographs and roughness of composite coatings with different content of hydroxyapatite (wt. %): 70HA-
30Ti (a); 50HA-50Ti (b); 30HA-70Ti (c).

To determine the wear resistance of the coatings, tribological tests were carried out according to the
“ball-disk” scheme. The coefficient of friction of HA-Ti composite coatings with different content of hy-
droxyapatite is shown in Figure 9. The coefficient of friction of composite 30HA-70Ti coating was 0.510.
An increase in the HA content to 70 wt. % leads to an increase in the coefficient of friction and the rate of
wear of coatings. According to the obtained results of tribological testing of detonation 50HA-50Ti coating,
low values of the friction coefficient of 0.352 and high wear resistance under sliding friction conditions were
observed.
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Figure 9. Intensity of wear (a) and coefficient of friction (b) of HA-Ti coatings (wt. %)

The study of the microstructure of the cross-section of the composite 50HA-50Ti coating showed the
formation of a layered-porous structure with a thickness of 40-50 microns (Fig. 10 a). Elemental analysis data
obtained from the coating layer correspond to the initial composition of the composite powder (Fig. 10 b).

Weight percentage  spectrus

Figure 10. SEM image of a cross-section (a) and elemental analysis (b) of the composite 50HA-50Ti coating

Cepus «dunsukay. Ne 2(110)/2023 31



Zh.B. Sagdoldina, D.R. Baizhan et al

Conclusion

Crystalline composite coatings with a thickness of 40-50 um were obtained by the method of detonation
spraying of 30HA-70Ti; 50HA-50Ti; 70HA-30Ti composites on the surface of Grade 2 titanium. Composite
HA-Ti coatings have a layered porous structure. The results of X-ray phase analysis of detonation 50HA-
50Ti and 70HA-30Ti coatings showed the formation of a-Cas(PO.), and TiO. Composite 30HA-70Ti coating
is the closest in structure to stoichiometric crystalline HA (Ca/P = 1.67). According to the results of Raman
spectroscopy, the following structural features of the composite coating were revealed: with a decrease in the
HA content, a decrease in the relative content of B-type carbonate ions in the structure of hydroxyapatite is
observed, as well as a decrease in the content of the mineral phase in general. Based on the phase analysis
and mechanical properties, the optimal content of the Ti additive was 50 wt. % for HA-Ti composite coatings
sprayed with the CCDS2000 detonation complex used in experimental conditions.
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K.b. Carnonnuna, [{.P. baiixan, b.K. Paxanunos, /I.b. ByliTkeHos,
H.E. bepaimyparos, M.C. Xamnapora

JeToHanusabIK OYpKy daiciMen ajbiHFaH HA/Ti koMIO3UIIHAJIBIK Ka0bIHAAPAbIH
MHUKPOKYPBLIBIMBI K9HE MEXAHUKAJIBIK KacueTTepi

Makanazna ruapokcuanatut (I'A) jxoHe opTypii KatbiHacTapaa (Mac. %): 30I'A-70Ti, 50I'A-50Ti, 70T’ A-30Ti
TUTAH HETi31HJeri KOMIO3UIMSUIBIK JKaOBIHIAPIBIH KYPBUIBIMBI MEH MEXaHHKAaIBIK-TPHOOIOTHSIIBIK KacHeT-
TepiHiH HoTmkenepi kenripinreH. KamsiHasrel 40-50 MKM KOMITO3UTTIK KaObIHAAP JETOHAIMSUIBIK OYPKY
onicimen BT1-0 (Grade 2) TuTaHHaH kacanFaH cyOcTpaTKa ajiblHIbL. JKaObIHIAPIBIH MUKPOKYPBUTBIMBI MCH
(aszanpIK Kypambl CKaHepI eyl 3JeKTPOHAbI MHUKPOCKOIHS JKOHE PEHTIreH K Audpakiys oaicTepiMeH Tai-
nauapl. HA-Ti KOMIOO3HUTTIK KaObIHAAPBIHEIH OYPKY MeXaHu3Mi 1e 3epTreifi. 3eprrey Hotmxenepi [A-Ti
KOCITAChIHAH YHTAKTHI NETOHAIMSUIBIK Oypky kesinme Caio(PO4)s(OH)2 rumpokcnanarut dasanapsiHaH, TpU-
KaJIbIMI (GocdaThiHaH, THTAHHAH KSHE TUTAH OKCHIIHCH TYPATHIH KEYeKTi )kaObIHIap TY31IETiHiH KOPCEeTTi.
KomrmosuTreri ruapokcHanaTuT MeJepi a3alifaH Ke3[e KypbUIbIMAarel B TunTi kapOoHAT HOHAAPHIHBIH ca-
JIBICTBIPMAJIbl KypaMbl TOMEHIICHTIHI, COHIaii-aK JKaJbl MUHEPaJIbl (a3aHblH a3aiobl aHbIKTANIBL. 30HA-
70Ti mac.% KOMIO3UIUSUIBIK JKAaObIH KYPBUIBIMBI OOHBIHINA CTEXHOMETPHUSUIBIK Kpuctanasl HA-Fa eH KakblH
(Ca/P = 1.67). 50 HA-50 Ti sxa0biH1apbIHBIH apaKaThIHACHIHA TO3yFa TO3IMALTIKTIH 1,5-2 ece aprysl Gaiika-
Tagpl.

Kinm cesoep: TMIpOKCHANIATUT, TUTAH, AETOHAIMSUIBIK OYPKY, *aObIH, MHKPOKYPBUIBIMBI JKOHE (pa3allblK Ky-
paMbl, MEXaHHUKAJIBIK KACHETTepi.

K.b. Carnonnuna, /{.P. baiixkan, b.K. Paxanunos, /[.b. ByliTkeHos,
H.E. bepaimyparos, M.C. JKanaposa

MuUKpOCTPYKTYpPa U MeXaHUYeCKHe CBOMCTBA KOMNO3MIUOHHBIX NOKpbITHil HA/TI,
HAHECEHHBIX METOJA0M [IeTOHAIIMOHHOT0 HANbIJICHU I

B cratee mpencraBiIeHBl pe3yabTaThl IKCIEPUMEHTAIBHBIX MCCIEIOBAHUH CTPYKTYPHI M MeXaHo-
TpHUOOJIOTNYECKHUX CBOMCTB KOMIIO3UIIMOHHBIX ITOKPBITHI Ha ocHOBe ruapokcuanarurta (I'A) u Tutana B pas-
HBIX cOOTHOIIeHusX (Macc. %): 30I'A—70Ti, 50’A—50Ti, 70I'’A—30Ti. KOMIO3UIIHOHHBIC TOKPHITUS TOJIIIH-
Holt 40—50 MKM ObUTH HaHECEHBI Ha MOJUTIOKKY U3 TuTaHa Mapku BT—0 (Grade 2) MeTooM IEeTOHAITMOHHOTO
HambUIeHnsI. MUKPOCTPYKTYpY M (a30BBIH COCTAB HANBUICHHBIX IOKPHITHI aHATH3UPOBAIN METOJAMH CKa-
HUPYIOUIEH AIIEKTPOHHONW MHUKPOCKOIIMM M PEHTICHOBCKOM mudpaknun. Taxxke ObLT HCCIEIOBAaH MEXaHH3M
HanbUICHHUS KOMIO3UTHBIX MOKPbITHA HA-TIi. Pe3ynpraTsl HccieoBaHus TTOKa3aiM, YTO MPH JACTOHAI[MOH-
HOM HarblIeHnu noporuka u3 cMecu I'A—Ti hopMupyIOTCs: HOPUCTBIE TOKPBITHUS, COCTOSIINE U3 (a3 THAPOK-
cuanarura Cai0(PO4)s(OH)2, Tpukanbimiidpocdara, TMTAaHA ¥ OKCHIA THTaHA. BBUIO OOHAPYXKEHO, YTO MPHU
YMEHBLICHUH COJIep KaHMs THAPOKCHANATHTA B KOMIIO3UTE HAOMIOAAeTCsl CHIPKEHNE OTHOCHTEIIBHOTO COJep-
JKaHWsl KapOOHAT-MOHOB B-THIa B CTPYKTYype, a Takke yMEHBIICHHE COAEPKaHHUs MUHEPAIBLHOW (a3bl B 1ie-
noM. Komnozuimonnoe nokpeitue 30I'A—70 Ti mace. %, Hanbosree OIM3KO MO CTPYKTYpE K CTEXHOMETpUIe-
ckomy kpuctammaeckomy I'A (Ca/P=1,67). IIpu coornomenusax mokpsituit S0I'’A-50Ti mace. % nabmoxa-
eTcs yBEIWYEeHNE H3HOCOCTOWKOCTH B 1,5-2 pasa.

Kniouesvie crosa: TMIPOKCHANIATAT, TUTAH, AETOHAIIMOHHOE HANBUICHHUE, TOKPHITHE, MHKPOCTPYKTYpPHI U (a-
30BbIi COCTaB, MEXaHUYECKHE CBOICTRA.
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